Introduction {#sec1-1}
============

Nutrition and cancer {#sec2-1}
--------------------

Increasing evidence reports an important and significant association between nutrition and cancer, in particular as nutrition is a potentially modifiable risk factor for cancer. However, interest in the association of diet/ nutrition and cancer first appeared in the early 1800s and probably even before. Starting from this date, progress in understanding this association has been made over the past two centuries, even if often not leading to conclusive statements ([@ref1]).

In this regard, several works reported that a healthy diet is associated with a lower incidence and prevalence of cancer, particularly when the gastrointestinal system is involved. For example, a higher adherence to a Mediterranean diet has been associated with a lower incidence of breast cancer ([@ref2]), lung cancer ([@ref3]), and prostate cancer ([@ref4]).

This beneficial effect seems to be attributable to some important effects of the Mediterranean diet, which includes foods with anti-inflammatory properties ([@ref5]) and anti-oxidant effects ([@ref6]). Since inflammation and oxidative stress seem to be the basis of several cancers, the Mediterranean diet could potentially lower the incidence of cancer through these mechanisms.

Moreover, the Mediterranean diet seems to have important effects on the genetic patrimony. For example, older people having a higher adherence to the Mediterranean diet have significant higher telomere length than those having a lower adherence, therefore suggesting a potential role of this diet in maintaining a good genetic patrimony ([@ref7]), protective for cancer.

Other studies have reported that also micronutrients may have a role in the prevention of cancer, both in terms of vitamins and minerals that have anti-oxidant and anti-inflammatory effects. For example, it has been reported that higher vitamin D levels are associated with a lower incidence of cancer and with better outcomes in people already affected by cancer ([@ref8]), but the literature regarding this topic is still conflicting and not univocal. ([@ref9]) Similarly, a higher magnesium intake seems to be associated with a lower incidence of pancreatic cancer in a large population followed-up for 7 years ([@ref10]).

Altogether these findings suggest an important role of diet in cancer onset, that future research should better study.

Nutrition and colorectal cancer {#sec2-2}
-------------------------------

Nutrition seems to play a pivotal role in the onset and in the progression of gastrointestinal cancers, particularly of colorectal cancer (CRC).

Regarding the Mediterranean diet, for example, it was reported in a large meta-analysis involving 11 cohort studies that a higher adherence to this dietary regimen significantly decreased the risk of CRC by 18%, independently from several potential confounders ([@ref11]). In a recent umbrella review regarding Mediterranean diet and health outcomes, however, the strength of evidence was graded only as weak, mainly due to the presence of high heterogeneity of the studies available on the topic. ([@ref12]) Therefore, other studies are needed in this direction in order to confirm these findings.

Among the food components present in the Mediterranean diet, some words should be spent on fibers and on meat.

It is widely known that a higher intake of dietary fibers is associated with a lower risk of CRC in several cohort longitudinal studies, and in people with pre-neoplastic lesion, such as adenomas ([@ref13], [@ref14]). In a recent umbrella review, a higher dietary fibers significantly lowered the risk of CRC of about 36%, but this evidence was, again, characterized by a high heterogeneity and therefore the strength of evidence was graded only a suggestive ([@ref15]). In this regard, fibers seem to be able to decrease the risk of CRC by several mechanisms. Among them, the most important seems to be a cleaning effect on the colon, particularly of toxins ([@ref16]). Another important effect seems to be associated with the viscosity of dietary fibers. Viscosity is a physicochemical property associated with dietary fibers, particularly soluble dietary fibers. Viscous dietary fibers thicken when mixed with fluids and include polysaccharides such as gums, pectins, psyllium, and β-glucans. Viscous fibers have been associated with beneficial physiological responses in human, animal, and animal-alternative in vitro models ([@ref17]).

On the other hand, the introduction of meat seems to be deleterious for the onset of CRC. Red meat intake was identified as a probable risk factor for CRC, with research supporting that this may especially be true for tumors of the traditional adenoma-carcinoma pathway. Dietary heme intake shows a strong association with KRAS-mutated tumors, such as CRC ([@ref18]). It has been reported that heme can enhance the endogenous formation of carcinogenic N-nitrose compounds ([@ref18]). In this regard, the way of cooking meats seems to be relevant, since N-nitrose compounds are mainly produced by processed meats ([@ref19]).

Altogether these findings support the idea that diet plays an important role in CRC and that the amounts of some foods (especially processed meats) should be strictly limited.

Nutrition, colorectal cancer and lipid profile {#sec2-3}
----------------------------------------------

Different pre-clinical and clinical studies have confirmed the anti-cancer and cancer preventing action of diet ([@ref20]-[@ref22]). In particular, colorectal cancer (CRC) is considered a metabolic pathology where tumor growth and progression are affected by the complex interactions between cancer cells and the surrounding microenvironment ([@ref23]). Environmental factors such as smoking, physical inactivity, overweight and obesity have been related to an increased risk of CRC ([@ref24]). In fact, adherence to a healthy diet has been reported to be essential for the primary prevention of CRC. The link between adherence to the Mediterranean diet and a lower risk of cancer is mediated by several mechanisms, including reduction of tissue inflammation, low concentration of circulating lipoproteins and lower levels of serum cholesterol.

It is widely accepted that lipid and phospholipid metabolism plays a key role in cancer initiation, cellular invasion and tumor metastasis, and diet is considered as the major factor influencing fatty acid composition in tissue. The investigation of dietary intake can be useful to understand the relations between the patterns of fatty acid metabolism and specific diseases such as cancer ([@ref25],[@ref26]).

Conflicting results have been reported on low-density (LDL-C) and high-density lipoprotein cholesterol (HDL-C) and serum triglyceride (TG) levels in different tumor types ([@ref27]-[@ref29]). Compared to subjects without cancer, in patients with malignancy LDL-C has been reported to be increased ([@ref27]), normal ([@ref29]) or decreased ([@ref30]). The tumor types may explain the inconsistency in the results. Apparently, the effect on serum lipoprotein patterns differs among tumor types. However, the same type of tumor has been associated with different lipoprotein levels. The stage of disease is another possible contributory factor, although abnormal serum cholesterol levels have not consistently been linked to the progression of cancer ([@ref30],[@ref31]). Studies of serum cholesterol levels in patients with gastrointestinal cancer have provided conflicting results, reporting either no ([@ref32]), negative ([@ref33]) or positive correlations ([@ref34]). Recently, an association has been found between serum cholesterol and colorectal adenoma, a well-established precursor lesion of colorectal cancer ([@ref35]). Moreover, experimental evidence of tumor cell accumulation in lesions caused by endothelial inflammation and injury has suggested an increased incidence of metastases in patients with increased LDL-C levels ([@ref36]). In addition, recent studies showed that lovastatin, an 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitor, has anti-metastatic effects on human colon adenocarcinoma cell lines as well as on other cell lines ([@ref37]).

Increased serum lipid levels are associated with the presence of metastases in patients with colorectal cancer ([@ref38]). Although the exact reason is not clear, this is an interesting finding from an oncological point of view. In blood or interstitial fluids, most cholesterol or TG exists in a lipoprotein complex with apoproteins, and the major detrimental effect of serum cholesterol may be attributed to LDL, that can have various effects on tumor biology. There is much evidence to support the view that tumor cell growth is partially dependent on exogenous LDL-C, possibly through LDL receptors on tumor cells ([@ref39]). However, experimental evidence shows that LDL receptors are frequently downregulated in malignant tumors ([@ref36], [@ref40]-[@ref42]). In these cases, neoplastic proliferation may be stimulated by de novo synthesis of endogenous cholesterol through the HMG-CoA reductase pathway ([@ref36], [@ref40],[@ref42]). Indeed, pharmacological inhibition of HMG-CoA reductase has been shown to prevent the growth and invasion of some tumors ([@ref43]). These findings suggest that increased LDL-C might be beneficial for the proliferation and invasion step of carcinoma cells.

The relationship between a metastatic phenotype and hyperlipidemia in colorectal cancer patients supports this hypothesis and is in line with other previous studies. It has already been demonstrated that 63.3% of colon cancer patients are LDL receptor negative, and the absence of the LDL receptor is associated with a poor prognosis and with enhanced HMG-CoA reductase activity ([@ref41],[@ref42]). High serum TC and LDL-C levels in patients with metastases might be explained by an increased demand for cholesterol from neoplastic cells, resulting in an increased endogenous cholesterol synthesis. Moreover, recent data from literature have attributed a role to LDLC in cell growth and differentiation, with a possible involvement of hypercholesterolemia in cancer progression and metastatic spread ([@ref36]). LDL-C, indeed, has been reported to affect host immune functions. LDL is required for the optimal expression of the Fc receptor or CD14, which mediates the phagocytosis of human monocytes, and a high-fat diet has been shown to decrease the antitumor activity of macrophages in mice ([@ref44]-[@ref46]). Moreover, high LDL levels have been reported to inhibit T-cell proliferation ([@ref47]). These facts suggest that stimulation of cancer cells and suppression of the immune system by high LDLC levels might facilitate tumor invasion and survival of colorectal cancer cells in lymph nodes and distant metastases. *In vivo* studies suggest that there may be an association between cholesterol and metastatic cancer, i.e. colon cancer induced in rats by dimethylhydrazine was associated with a reduced incidence of metastases after deprivation of dietary cholesterol ([@ref48]). Moreover, drugs that inhibit endogenous cholesterol synthesis, i.e. lovastatin or simvastatin, show anti-metastatic effects on colon, pancreatic and melanoma cancer cells in vitro and in vivo ([@ref37], [@ref43], [@ref49], [@ref50]). Moreover, in addition to its greater growth-inhibitory effect on metastatic cancer cells, lovastatin appears to universally reduce trans endothelial migration by acting on tumor cells, quiescent endothelial cells and LDL-stimulated cells ([@ref37]). Based on these findings, repeated monitoring of serum lipid profiles in colorectal cancer patients may facilitate to predict tumor aggressiveness. The reduction in serum lipid levels might help to prevent metastases in certain cancers. Further studies including larger patient cohorts are warranted to evaluate the role of serum LDL-C as a predictive marker of recurrence of neoplasia in colorectal cancer patients.

A new approach to study the relationship between nutrition, colorectal cancer and lipid profile is the lipidomic approach. This new approach, emphasized in this review, is in agreement with recent studies considering lipidomic platforms able to provide an invaluable window to novel pathogenic mechanisms as well as helping to identify early diagnostic and prognostic biomarkers of complex diseases, such as CRC. The attractiveness of lipidomics is that they are strictly connected with nutritional elements and lipid supplementation. This offers an opportunity for prevention and treatment: in prevention, it is important to have nutritional directions in order to maintain the membrane lipid balance in the optimal values; in therapy, it is important to follow nutritional directions that keep membrane receptors and functions at their best, in order to improve the effects of the medical intervention.

Improvement of the comprehension at molecular level of factors derived from nutrition, metabolism and stress that influence the functioning of the membrane compartment is certainly useful to identify and validate membrane profiles to gain a global picture of human metabolic states.

Methods {#sec1-2}
=======

Human blood samples {#sec2-4}
-------------------

Human blood samples collected in tubes containing ethylenediamine-tetraacetic acid (K-EDTA) anticoagulant were layered on a Ficoll--Paque solution and centrifuged at 400x g for 40 min at room temperature. The lymphocytes and plasma were then removed and the erythrocytes were recovered from the bottom layer and washed with phosphate-buffered saline. Isolated red blood cells were stored at -80 °C until they were assayed.

Tissue samples {#sec2-5}
--------------

For the pre-clinical phase of the study, mice treated with specific enriched diets were killed by cervical dislocation. The entire intestinal tract was immediately removed, washed and fresh tissue samples of intestine were collected and stored at -80°C until assayed. All animal experiments were carried out in strict accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.

For the clinical phase of the study, patients with histologically proven colorectal cancer were enrolled in the study. At surgery, colorectal mucosa and cancer tissue were obtained from each patient and the specimens were stored at -80°C until assayed. Informed consent was obtained from each patient and the study was approved by the Ethics Committee of IRCCS "S. de Bellis".

To extract cell membrane fatty acids from tissue samples, about 20 mg of mice and human intestinal tissue were used and the method of Folch with slight modifications was performed for cell membrane fatty acids preparation ([@ref51],[@ref52]).

Fatty Acids preparation and quantification {#sec2-6}
------------------------------------------

Samples of isolated red cells blood and intestinal tissue were treated with 0.9 mL of a salt solution acidified with sulfuric acid. All samples received 5.0 mL of chloroform:methanol (2:1, v/v) and the samples were centrifuged at 1000xg for 10 min. The lower layer, containing fatty acids, was removed with care, replaced in a new tube and dried by a centrifugal evaporator. The FAME were obtained by adding toluene and BF3 with MeOH 14% and incubating for 2 h at 80°C. After the addition of toluene and 5% aqueous sodium chloride solution, the samples were centrifuged and fatty acid methyl esters contained in the upper layer of the tubes were collected, transferred into a vial and analyzed by gas chromatography equipment with auto-sampler, a split/splitless injector, FID detector and a hydrogen gas. A BPX 70 capillary column SGE Analytical Science, P/N SGE054623, 60 m x 0.25 mm ID, BPX70 0.25UM was used and the amount injected was 1 uL in splitless mode (split flow 50 mL x min^-1^, splitlesstime 1 min). Quantification of fatty acid methyl esters was performed using a mixture of standards (Supelco 37-Component FAME Mix, Sigma-Aldrich, Milan, Italy).

Small dense LDL analysis {#sec2-7}
------------------------

Blood samples were obtained by venous puncture, after 12 h fasting, and collected in tubes containing Ethylenediaminetetraacetic Acid (EDTA-K2) anticoagulant. The samples were then centrifuged at 2000x g for 10 min at 4 °C to obtain serum and stored at -80°C until use. Small dense Lipoproteins (sdLDL) were assayed using Lipoprint LDL System (Quantimetrix, USA). Each serum sample was applied on a high resolution polyacrylamide gel tube in order to separate LDL fractions and subfractions by electrophoresis. The resolved lipoproteins bands were scanned and analyzed.

Fatty acids profile and CRC {#sec2-8}
---------------------------

Lipidomic analysis aimed to identify and quantify cellular lipids and their interactions with other cellular components such as proteins and gene expression, as it is known to be a powerful tool to predict cancer progression and the development of metastases ([@ref53],[@ref54]). Previous reports have shown that metabolic perturbation of phospholipids is associated with various cancer types ([@ref55]-[@ref57]), indicating that the composition of phospholipids may be critical for deciding the fate of tumor cells.

An altered expression of the fatty acids pattern has been demonstrated to be a crucial event in colorectal carcinogenesis ([@ref58]-[@ref60]). Fatty acid synthase (FAS) activity levels, the key enzyme in the fatty acids biosynthesis pathway, as well as its mRNA expression, are upregulated in colorectal cancer tissues ([@ref59]). Recently, in Apc Min/+ mouse model, we showed that a possible molecular mechanism by which omega-3-polyunsaturated fatty acids (n-3-PUFAs) and olive oil in the diet were able to reduce intestinal cell proliferation was the reduction of lipogenic enzymes activity and gene expression, such as Fatty Acid Synthase (FAS) ([@ref61]). Fatty acids and their polyunsaturated derivatives influence cell membranes fluidity and their physiological functions.

We demonstrated the presence of an altered fatty acid profile in patients with CRC compared to control subjects; a reduction of total n-3-PUFAs levels and consequently a higher n-6-PUFAs/n-3-PUFAs ratio was detected in cancer patients compared to control subjects ([@ref55]). In addition, our recent study confirmed that not only several modifications in lipid metabolism occur in colorectal cancer, but that the presence of synchronous metastases was associated with a different tissue fatty acids profile, demonstrating the ability of tissue fatty acids analysis to identify lipid metabolism alterations associated with CRC and with synchronous metastasis ([@ref62]).

Moreover, in an animal model of colon carcinogenesis, we demonstrated that cancer cell progression is affected by dietary natural compounds, which are able to control and to improve the environmental conditions in which tumors develop ([@ref63]). The investigation of changes in the lipidomic profile of cell membrane is important to understand the complete scenario of the metabolic transformations which can occur in cancer. These changes may lead to alter the hydration levels and fluidity of cell membranes and to affect the proteins transduction involved in cell proliferation, apoptosis and differentiation ([@ref64]).

In this context, we have demonstrated that olive oil and omega-3 PUFAs in the diet differently affect the fatty acid profile in intestinal tissue from ApcMin/+ mice, an animal model of CRC ([@ref65]). Our data support evidences demonstrating the effects of dietary components, such as olive oil and omega-3 PUFAs, in counteracting intestinal carcinogenesis *in vitro* and *in vivo*. These protective effects seem to be due to the olive oil capacity to control the tissue inflammatory status, and to the omega-3 PUFAs ability to keep the cell membrane saturation index (known as stearic acid/oleic acid ratio) at high levels. Moreover, Eicosapentanoic acid (EPA), an omega-3-PUFA, has been demonstrated to affect cell proliferation through the regulation of lipogenic enzymes belonging to the cholesterol biosynthetic pathway ([@ref66],[@ref67]). These enzymes interact with both intracellular signaling pathways and extracellular microenvironmental stresses. Hypoxia, low pH and nutrient starvation could activate several intracellular signaling pathways to promote lipogenic enzymes expression ([@ref68]-[@ref70]).

[Figure 1](#F1){ref-type="fig"} summarizes the main steps of the lipidomic analysis performed in animals and clinical studies, as well as the effects of dietary intervention on CRC.

![Panel A: Main steps of lipidomic analysis; Panel B: Dietary intervention effects](ACTA-89-87-g001){#F1}

The anti-proliferative effects of omega-3 PUFAs seem to be also correlated with the over-expression of cell membrane receptors, which are considered negative modulators of cell proliferation, such as Low Density Lipoprotein (LDL) receptor and Cannabinoid type 1 (CB1) receptor ([@ref63],[@ref67],[@ref71]). Different experimental evidences have reported that a CB1 receptor down-regulation is present in different types of cancer ([@ref72],[@ref73]).

The expression of CB1-R seems to be modulated by bioactive natural components ([@ref74],[@ref75]) such as flavonoids. The daily administration of quercetin in an animal model of induced colon cancer, exerted a protective effect against tumor formation by regulating the protein and gene expression level of CB1-R ([@ref76]). The role of quercetin as an anti-cancer molecule has been confirmed in both *in vitro* and *in vivo* studies, demonstrating its ability to modulate p-STAT3 expression, a biomarker of cell proliferation and aggressiveness.

Low-density Lipoproteins and CRC {#sec2-9}
--------------------------------

Low-density Lipoproteins are composed of sub-fractions that differ in particle size and density one from the other. Among these LDL subfractions, small dense LDL particles are more atherogenic than larger particles and are considered biochemical markers associated with metabolic syndrome ([@ref77]). The increased prevalence of smaller LDL particles is certainly related to higher body mass indexes (BMIs), increased visceral adiposity and likely to an inflammatory status consistent with an altered metabolic profile. We have studied the small dense LDL levels in serum from subjects with CRC, demonstrating that a modified LDL pattern was associated with CRC and with the presence of metastasis. The smaller LDL subfractions (LDL-4) were observed in serum of CRC patients with synchronous metastasis whereas these particles were absent in CRC patients without metastasis ([Figure 2](#F2){ref-type="fig"}).

![Serum levels of small dense LDL (sdLDL) of 51 cases of CRC patients with (panel A) and without (panel B) synchronous metastasis. All values are expressed as mean ± standard deviation](ACTA-89-87-g002){#F2}

Literature data indicates that modified lipids, particularly oxidized and glycated low-density lipoprotein (ox-LDL and gly-LDL), are predominant in intestinal tumors, resulting in an increased pro-inflammatory cytokine expression ([@ref78]-[@ref80]). Inflammation and oxidative stress due to an increase in reactive oxygen species and a decrease of antioxidant defenses seem to be involved in the molecular mechanisms of colonic tissue carcinogenesis. Therefore, we investigated the levels of ox-LDL and gly-LDL in serum of CRC patients with and without synchronous metastasis. [Figure 3](#F3){ref-type="fig"} shows that higher levels of ox-LDL and gly-LDL were detected in CRC patients with metastasis in comparison with patients without metastasis, even if the difference was not statistically significant.

![Serum ox-LDL and gly-LDL levels in 51 cases of CRC patients with and without synchronous metastasis. All values are expressed as mean ± standard deviation](ACTA-89-87-g003){#F3}

Conclusions {#sec1-3}
===========

We confirm the tight link between diet and lipidomic profile in CRC, as well as the therapeutic role of dietary components on human health. In fact, the marked effect of diet interventions in absence of toxicity can make some of the Mediterranean Diet components excellent candidates for the prevention and treatment of subjects with a high risk for metabolic diseases and CRC. The lipidomic approach could be useful to evaluate the onset and progression of CRC and for the development of nutraceutical lines aimed at membrane balance restoring. In order to connect the lipidomic analysis with the patients clinical status and with canonical biochemical parameters an integrate vision is needed. This vision could better clarify the role of cell membranes fatty acids profiles in the pathogenesis and treatments of CRC.
